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SECTIONI.

INTRODUCTION

BACKGROUND

" The Federal Water Pollution Control Act of 1972 and subsequent
amendments thereto. established a national objective of restoring and
maintaining the quality of the Nation's waters. The U.S. Environmental
Protection Agency (USEPA) has responded to this statad objective through .
the implementation of a variety of planning, regulatory, and enforcement - R
procedures and programs. A significant element of many of USEPA's programs
iz the identification. of the magnitude of water quality problems. This o
is an extremely important issue in the relatively new field of toxic
waste management where USEPA has successfully delineated toxic waste _ oo
dischargers, and their impact on in situ water quality, biotic commmities, -
as.vell as sources. of water supply. =~ = * , .

. The organizing framework for delineating, storing, and manipulating
data on toxic wastes emanating from indusizial and musicipal didrharasrs
and nonpoint scurces of pollution is USEPA's Reach File. The Reach File
is a computerized data base management system which permits the explicit
definition of the topologicand geodetic structure of surface waters in
 the contiguous United States and the storage of a vast array of physical

data- on each water course. There are currently approximately- 60,000
stream segments or rsaches represented in the Reach File. The existing.
data base includes' ther geodetic coordinates of stream traces, stream " ™ LT
pnames, reach lengths, and other information: including data which defines
linkages. between reaches.. Data relatsd to: streamflow gages, pollutant
sources, and water supply intakes exist in other USEPA data. bases which
have been indexed to the Reach File. . . ‘ '

' USEPA. is currently- developing the technology to route pollutants.on

" a conservative and/or non~conservative basis through the use of the Reach -

‘File and to display the results of the routings in a variety of tabular
and graphic exhibits.. In crder to utilize the full capacity of this B
new. technology USEPA’.required the- development of specific flow-data for )
the reaches currently in. the Reach File. To this end, W.. E. Gates and
Associates, Inc. (WEG/A) was: selected. to. provide average and low- £flow
estimates as well. as monthly a?e:iqe.f flows. for all reaches. in the current
File. The cbjective: of this. work was: to: develop the necessary flow data -
in: 2 totally consistent manner: suitable: for. incorporation into a national *

. data base, utilizing flow-related physical:attxibutes, existing gaging R
station data and computerized techniques-to: achieve: the- required consistency :

- across the Nation. . e o i . '

The remainder of.‘ tlus report contains: the: desc::.puon of the methodology -

employed to attain ther stated cbjective.

‘the. results of WEG/A's efforts fﬁélude a file containing estinates

I-1 N



of average annual st:eanﬂow, low f.low, and average mon:h.ly st:eamflcw
for each of the structurally connected stream reaches in the Reach File.
The methodology developed by WEG/A makes maximum use of information
associated with stzeamflow gaging stations previously associated with
_specific reaches as well as the ancillary data on the coanectivity of

the network and stream lengths. contained in the File. These data were
used in conjunction with defined drainage areas and consistent geo- :
morphological/climatic data to produce .a single. mifcrn p:ocedun £oz'

o esmatmq st.reamflaws by ru.ch nat-:.op-wide P o

IS

SR the source o£ the.- ba.s:.c strem connect:.vity infomtion requ:.:ed by
the flow estimating technology was the Reach File developed by USEPA

for each of the 18 U. S. Geological Survey (USGS) Hydrologic Regioms. in

the contiguous United States. Prier to using the File it was necessary

to identify stream connectivity and code/format errors which would ‘generate:

erronecus streamflow estimates. After USEPA corrected the so-called

"fatal" connectivity exrrors in the Reach FPile, the File was reformatted

into a direct access Analytical Reach File (ARF) in order to support the

a.n&.lys:.s :equ.ired. foxr st::eamﬂow est.:.nation. . .

. 'rhe a.cma.l flow est.:.mauon pracedu:e :.nvolved several steps. These .
. gteps are summarized below a.nd des:::.bed in detail in. the £o:|.1ow:.ng '

sect:.ons $

S c;lculat:l.on. of !’low Staﬁ.sﬁ.és- - st:eanflow. data was accessed 4
-z 70 L from the STORET flow. files for all s:emflaw gages previously - =
Clve  weied® - go. rpeaches. .Average annual and monthly flows were derived: -

-~ . g
d b

© ' 'directly from the STORET data: base through the use of a computa—
- tional program while low flow estimates and the degree of :egu.lauon L
of gagcs were detem.i.ned t.‘nrough graplucal techniques. L

Bst.uut:.cn cf Plaw Yields - ﬂaw y:.elds ‘related to gecmorphalogzc/
climatic characteristics (cfs/mi2) were developed for each of-

_ the 2,111 USGS Cataloging Umits’ in the contiguous United States.
These yields were estimated. sepa.ra.tely for both a.verage annual
and. low ﬂ.aw cond:.::.ons RO .

e -~

‘ Selecaon of Gages - a: set of. :::Lter:.a. was esta.blished to select
.- . gages. to be used in both: a.ru and £low: estimating procedures.
. : Thercriteria. were: designed to:eliminate gages: likely to produce
w0 T eXxToneous streanflow estimates: because- of mcozect. reach
WE a.s:;gmnn:s o:mssmg/mcoma: da.ra.. . ‘
czlmla.aon of Ju:ea.-- da::a. £o: sclccted qages we:e used ta
. -ealenlate: the drainage area to-stream length ratios (mi2/mi)
at gages. These: ratics ware. used. to- estimate the area tributary
. to: each ‘Teack and the total. upstream drainage: area. These gage
data were supplmted by known areas: for each USGS Cataloging
Unit..' S . o ; R
Flow: Es:mat.:.on the results of the: a.na.lyses described above
served as the basis for the- actual streamflow estimating procedure.

. *Nemdnal™ flow additions: (average annual and low flow) for each
‘zeach uere_ca.lculated f:mm ‘the area tributary to- each reach and



the appropriate flow yield derived from the gecmorphologic/
climatic characteristics of the reach. For those reaches where
a flow gage was located on the reach, downstream of the reach,
or the reach was bracketed by gages upstream and downstream of
the reach, the nominal flow additions were linearly adjusted

" such that flow estimates matched streamflows at the gages
and flow increased or decreased continuously between the gaged
reaches. Special procedures were developed for estimating

. streamflows in unusual circumstances such as streams. where _
flow decreased, streams entering from Canada, requlated streams,
etc. Average monthly flows were calculated for each reach by .
proportioning the average annual flows on the. basis of the mt.hly- L
dist:ibuﬁ.ans at 'c.be conmlli.nq gages. B

Final St:o:age o£ rluw Data. the average mnua.l. avmge mnthly.
.. and low flow estimates developed during the course of the project
were stored by reach in computer dau £iles established for each

Bydrologic Region.

Ly



SECTION II

DATA BASE ANALYSIS \

INTRODUCTION

Before the actual streamflows could be estimated it was necessary
to analyze several facets of the available data base and develop various. .
analytical techniques for preparing the data base for streamflow estimating. ~ -
These steps included: T S . : R

. . development of flow. statistiu at Ngaqes' |
analysis of flow sta.tist:i.cs for low flows .
. estimation of flow yiélds L o .

. selection of gages -

. estimation of drainage area

The purpose of this section is to present the various data base analyses L
and analytical techniques.. ' : =
@om mow smezstres ol 0

T ——— -

. Devel + of Average and Low Flows ..

 *° actual daily streamflow data were acceéssed from the STORET files for—— 77
all streamflow gages previously "tied” to rsaches. The U. S. Envirommental .: =
Protection Agency (USEPK) developed a computer program to generates average - .
annual, average monthly, annual 7-consecutive day low flows, and othex =

. flow statistics from the raw data. Average annual flow values were
" subsequently used directly to ‘generate average:amnual flow yields as
described below. The average monthly flows at each gage were used to
estimate the distributions of average monthly flows in each reach.. The
. annual 7-consecutive day: low flows at each. qage were further analyzed -
.. tp develop low flow estimates for each.gaged reach as presented in the S

following. . "= = il :

S Ames qf-che;%d'ay-'mfyéa‘:.- . £low. (hereafter referred to

- as. low: flow) . at. each’ gage: was. requized in. order to utilize _the - gaged

information. in assigning low flows to-reaches.. The approach selectsd

to calculats these low. flows: at gages utilized an interactive graphics

 program for USEPA's: TEXTRONIX 4014-1 tarminal based on the Velz-Gumbel
graphical. technique (II-1).- Im thig method, flow data are plotted on :

| extremal or log—extremal probability scales’ and a straight line distributiom -
is visually fit to the data. Data not. fitting the straight line distribution

is indicative of streamflow gulaticnior other temporal changes in. the

‘physical environment upstTeam of thergage. When regulation is apparent

it is. possible to subtzact or. add a: constant flow: representing. the regulated

. '
B R
o

TT=T



portion of total flow and to replot the ‘unregulated flow distribution. ,
An example of the Velz-Gumbel graphical method is presented in Figure II-1l.
The interactive graphics program simply makes it possible to quickly
plot the arithmetic-or log-extremal distribution, adjust for regulation,
replot, establish the 7-day-10 year flow and store the results. An o
example of the actual ccmputer generated display is illustrated in Figure II-2.
Low flow estimates for approximately 10,000 gages were developed in one :
man-month. using this computerized approach. : ‘
ESTIMATION OF FLOW YIELDS ~ ..

* The procedure developed for estimating flows for each reach required
the development of nominal average annual and low flow yields (cfs/mi2)

at gages assigned to reaches. The required yields were established £rom
the analysis of measured flows for 9127 gaging stations.

It was perceived that flow yield is related to various geomorphologic/ . .
elimatic characteristics of the drainage basin and that “partitioning”
of flow yields by sets of these characteristics would yield a normal
or log-normal distribution from which & mean value could be determined,
_This means a flow yield could then be assigned to all reaches manifesting
the same set of gecmorphologic/climatic characteristics. In this manmner
it was possible to develop 2 nation-wide, consistent set of flow yields
for all reaches. : . o

.. The geamorphologic/climatic characteristics selected for the analysis = -

B L MR T T
| deww sl pan evperstion
- " Mean annualh:.gh temperature frequency -
c::efficientoﬁva::i.a.t.:.on of rumoff .

" sri-land sucfade fomms
. Avmgeannm mﬁ SRR
 omier to assie national consistency, USGS maps (II-2) of these

characteristics: were used to assign values of each characteristic to
each USGS Catolog Unit and to. each gaga:{in. the Reach File.

An :.nte:acuve graphical p:ccedu;:.e was used to:display the probability
distribution of flow yields in: the actual “partiticning™ process. Gaged’

=2



data were selected on the basis of the various combinations of values of

the gecmorphologic/climatic charactsristics and drainage area and displayed

on the screén. A structured iterative process was employed to search

for the best set of partionings based on the plotted distributicns. This
analysis was performed separately and independently for average annual

flow and low flow. An example of the graphical program cutput is illustrated
in Pigure IT-3. The results of this analysis included consistent ncminal '
average annual and low flow yields for combinations of the spatial
characteristics and drainage areas. . .

. w“ -t
] . e,

QAGE SEIECTION. . e e o

The gage information stored in the Analytical Gage File was used in
the calculation of both drainage area and £flow. A series of criteria .
were established to determine which gages were appropriate for use in L
either of these two calculations. These criteria were established in . o
order to eliminate gages with insufficient data or those with a high e
probability of Teach misassignment. - The sel?ct.icn criteria used included: -

'« The "Ihteg:ity Code” suppiied by EPA for each gage had to be
1" 7qnig indicates that the gage was identified by EPA as  _
- - being on the assigned reach rather than on a tributary to that
reach. ~ R ST .
. A Mge area had to be assigned to. the gage. '
 he ratio of upstream miles of streams to drainage area had to we e

be in approximately the. same range as the average ratio for the
Catalog Unit i which the gage was contained. ' ' L

. The drainage area for & gag;' had to be g:'eaf.arr than: the sum of

' drainage areas for all gages immediately upstream. :
If a gage was to be used for flow estimation then both average
and low ﬂ.ow-infomw had to be available.

. A maximm of enly cne gaéeipé:‘ reach was utilized. Preference
. was givem to-USGS: gages- ‘and/or to. the most downstreanm gage within

-x reach.: . a . -
. The. drainage. area directly tributary to a reach and the total upstream
drainage area- for eaci: reach were ired: prior to calculating flow T

. estimates for eack: reachl The method- of. calculating tributary area for

- each-reach was dependent upon the juxtapositiom of .the. reach relative
to. gages that were. selected as. appropriate for area estimation. For those
‘cases where the reach was upstream:cf a gage or located between gages,
the  average area per mile.of stream for the aresa bracketed by the gages
was utilized in cenjunction. with the reach length £o calculate the tributary
area. . If there was nc gage located downstream of the reach, then the average-
area per mile of stream calculated for the Catalog Unit in which the reach
wvas. contained was used. The former citse was.used in the calculation of

the: overwhelming majority of areas. : . =

3
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. : !
: Total drainage area upstream of the downstream end of the reach was
calculated by simply proceeding in an upstream to downstream direction and
summing upstream and tributary arsas. The one exception to this rule was
the case where streams entered from Canada. Because areas were not available
at the boundary, total drainage areas were not calculated on mch streams

until the first ulected gage was eneauntered

- Application of‘ the area ca.lcula.t:i.an procedure- is shown graphically
in Figure II-4. For area A in Figure II-4, the area per mile ratio is
calculated as the area at Gage 1 divided by the miles of stream in A. .
For area B, the area is calculated as. the area at Gage 3 minus the area
at Gages 1 and 2.  For areas. C and D, average area per mile of stream for

the catalog units, in which the reaches are contained, are utilized.

Total drainage area for all reaches below Gage 2 are calculated by the
previously described procedure. Above Gage 2, total area is not calculated o
because the cont':ibuting d:a.i.nage area :Ln Canada is unknown. ,

P I I
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SECTION III

FLOW ESTDEATION

~ INTRODUCTION

‘The actual flow estimation process was an integration of all of the
specific data analyses ‘and analytical techniques presented in Section
II, organized within a consistent f#ramework to permit the orderly calculations
. of the required flow data. . The purpose of this section is to present the
datails of this process. S ' . .

. FILOW aswmma.mcmugu_g_s’ C

General Approach .
In general, £inal independent streanflow estimates for average annual
and low flow were developed in hydrologic order, upstream to downstream;

_ _calculating lateral flow contributions and adding these to upstream contzi=-
butions as cne moved ‘downstrsam. Tiais process was followed until flows
for an entire Hydrologic Region were computed. An "interbasin" file
was established to facilitats flow transfers from region to region.

. The analytical technique for estimating streamflow can best be
described by example, as illustrated in Pigure III-1l. Nominal flow
yields for each resach-were detsrmined independently for average annual
and low flow coenditions within each. Cataloging Unit based on the values
of the gecmorphologic/climatic characteristics within the Unit containing
the reach and the total drainage- arsa upstream of the reach. Nominal flow
incraments wers calculatsd for .each reach by multiplying the nominal flow
yields by area and summing these flow. increments for all reaches between

.-a.set of gages. As {llustrated in Figure ITI-1, this process was perrormed

. -for the four reaches between Gage A and Gage B. The sums of the nominal

flows were than: comparsd to the incremental gage flow- (measured flow of
) and an adjustment factor calculated

Gage B minus measured flow at Gage: A
as .the ratic between the gaged incrsmental and nominal incremental flows.
*qnis factor was: then applied to- the nominal flow increment for each reach
-to determine the adjusted incremental £flows. '
e ¢ rThis.analytical technique-was® used to estimate streamflows for
_ . -reaches im areas witlr known gage. flow. increments such as Areas D, E, and
P in Figure. III-2.. -However, the Reach File contained many reaches for

wirich there were- no-associatsd gage: flow: increments. Examples of these

. conditions.are {llustrated iz Figure III-2; such as:
| - : a.re& A-'.vhét :t:em cn:ar frcu Canada, thus .the::e is no upstream
.. gage: in- the Eile; - : ~
uhrn;l'nj where there m no.‘ga‘qe on a terminal set of reaches; and
| -Area: C which cantuns ruche}si;tith no. downstream gages.

=

\



Flov estimatss for these types of arsas in the Reach !“1.1. were based
solely on the nominal flow increments without gage adjustuents..

Modified Technigques

Modifications in the general flow estimating approach were necessary.
in a few instances where: :

'.. stzoan diversions exist
: séoﬁs ,1oc§~ £:I.cw (a.ndnc d.i.vc':;s:i.ons are apparent)
. cmm are regulated by dams and other man made structures L

Strean diversions, i.s. streams which 'spl.i.t into two outflows,

" are representsd in a specific manner in the Reach File. Within the File,

cne of the outflows is designated the major outflow and the other as the .
minor cutflow. ' Two opticns were developed for estimating flow in both -
ontflows. In the first case the actual distribution of flow is presumed o
to be known (or at least approximated) and is specified in the Reach File.: '
Under this option a percantage was used to assign the total flow to the :
two outflow reaches (e.g. 70 percent of the flow in the major and 30 percent . .
in the minor). If the flow distribution was not known a second option - - -
for estimating flow was exercised which simply assigned all of the flow

to the major outflow. T o .

! ' per these cases whers the incremen ‘qaged flow was negative (i.e.
. the streamflow decreases in the downstream direction) the following g
pethodology vas applied. Aleng the flow path between gages, an tial .
loss function was used with the exponential decay constant (miles~%) selectsd’ - -
such. that a smooth function between flow gages resulted. The exponential E

. the flow at a point. ‘r!;i:fmcﬁ;angmmuuboﬁ:amoth continuous
loss rate and no negative flows. Tributaries to resaches losing flow were
assumed to have zarc flows. An example of the application of the exponential

loss function is presented in Pigure ITI-3. -

- 'ra:'thasé rcunt cnufinq, from Canada, the flows ante:ing at the
porder were not-known.' Eor ‘all-reaches: downstream of the border but

upstrean of & flow gage, “the. incremental nominal flows were. calculated.

1¢ the total incrumental flow axceeded the gage flow. then the incremental
. flows were adjustsd and it was assunmed. that no flow entsred from Canada.
. If the gage -flow exceeded. the total incremental flow, the difference was ——
. assumed to originate:in Canada and was assigned: to the stIeam entering
. from Canada. if there was. only one stream or to-the largest stream entering
- frem. Canada if these were several streams. The largest stresam was detarmined
frem the "stream: level™ a. stream descriptor available- in the Reach File.
A level one stTeam is one that is terminal (e.g. discharges to an ocean) ;
a level two stTeam is tributary to: a level one stream, ets. For example,
in the petwork shown in Pigure ITI-4, if the flow at Gage G was 1000 cfs
and the nominal incremental flow aboum it was 300 cfs then the flow
entering the level one strsam at point A was estimated. to be 700 cfs while
the flow entering at. the higher level streans at points B, C and D wera

assigned.a stream- flow of zezo. :



A certain number of gages waere determined to manifest controlled or
regulated low flows during the low flow analyses (Section II). Incremental
streamflow between pairs of regulated gages or from a regulated gage
downstream to an unregulated gage required special attention because the
regulated portion of flow behaves. differantly than does the unregulatsd
portion. In Figure ITI-5 Gage A and Gage B were hOth.dotcrm'.md to be
. regulated. Total streamflow between the gages was estimated by first

- computing the unregulated flow using the general approach for estimating
flow presanted earlier and then adding the interpolated portion of regulated
flow between gages to each reach between the gagas. .
. . * 8 P et . Y

Summary ' Lo - '

' The general approach and the various modifications required by the

structure of the Reach File wers used to generate average annual and
- low flow estimates for all reaches in the Reach File. Mean monthly flows.

were calculated by applying the ratio of each monthly average flow to .
annual mean flow associated with the first gage downstream of each reach
to the computed -average annual flow for the reach. For reaches with no |
downstrean gages (see Figure III-2) each average monthly ratio of all
gages in the Catalog Unit wai used a3 ths surrogaga. . :

OUTPUT FILES

The final estimated flow data were stored in a sequential file
generated for each Hydrologic Regionm. Thisx file is numerically ordered .
by reach number and in additien to containing the flow data the file :
also contains a four digit cods describing the characteristics of the
_flow estimating tachnique used. Starting at the left-most digit the
codes are: e _

. Digit 1: Is reach between the Canadian border and.a stream

gage (1 = Yes, Blank = No)
Digit 2: Relationship between Treach. and stream gage
Z - There is & gage on the reach . = .

1 -~ Theze is a gage: downstream of the reach

. 0 or blank - Thers is no downstream gage

T e Diqit'sz.:‘f.iiia‘donship betweencalculaud average and low flows
ot 1 - Low flow exceeds: average ‘flow - '
- 0. ez 'blank = Average flow: graater than o pqual to low flow
- Digit 4:3-5 muud.- always set to: zeTO ‘
stored as. sequential, unformatted

" whe. 18. regional cutput files- are
is presented in Figure II1I-6.

files. AR exanpls af the file stxucture

Lest the reader feels that a “1* in the third digit (low flow exceeds
average annual flow) means that either a mistake has been made or the flows.
aras not to be trusted or, worse, that such an ancmaly means no flow data
in the file is useable, it is importan® for' the reader/user to understand
how such an ancmaly was creatad. Suchr a situation was created when the
incremental low flow" between sequential gages exceeds the incremental
average annual flow between the paired gages. Under these circumstances

T



the incremental low £flow yield (cts/niz) exceeds the {ncremental average
annual flow yield (cfs/mi2), thus any tributary reach between the gages
low flow greater than the average

ual flow. - In the example in Figure III-7 the {ncremental low flow
A and Gage B is 150 cfs and exceeds the {ncremental average
annual £low of 100 cfs. Because cf the upstream inflow at Gage A, the
low flow will not exceed the average annual flow in the mainstem reaches
between Gage A and Gage B, but the tributary reach (Reach 2), having 2o
upstrean inflow, is assigned a low flow in excsss of the average
' This situation is relatively rare in the File but was caused by
gages. incorrectly locatsd, exToIs in the available flow statistics, oF
a significant vater withdrawal which impacts average ann
low flow. AsS noted, these situations are *flagged” in the flow £ile;
however, in ordsr t© maintain consis

lack of any supplementary information
ancmoly, BQ adjustments were made in these flow estimates.
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FIGURE III-1l

" GENERAL FLOW ESTIMATING APPROACH
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FIGURE III-7

. EXAMPLE. LEADING TQ LOW FLOW
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